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AERONAUTIC  SYMBOLS 
1.  FUNDAMENTAL  AND  DERIVED  UNITS 


w 

9 

m 

I 


S 

G 

b 

c 

A 

V 

2 

L 

D 

Do 

D, 

D, 

C 


Symbol 

Metric 

English 

Unit 

Abbrevia¬ 

tion 

Unit 

Abbrevia¬ 

tion 

Length  - 
Time _ 

1 

'  t 

F 

meter _ _ 

m 

foot  (or  mile) _ 

ft  (or  mi) 
sec  (or  hr) 
lb 

Force . . 

weight  of  1  kilogram.—- 

s 

second  (or  hour)., 
weight  of  1  pound _ 

Power..- _ 

p 

horsepower  (metric) 

horsepower 

Xh 

fps 

Speed _ _ 

V 

fkilometers  per  hour. 

kph 

mps 

miles  per  hour 

\meters  per  second.  . 

feet  per  second 

2.  GENERAL  SYMBOLS 
9.80665  m/s^ 


W’eight=mgf 

Standard,  acceleration  of  gravity 

or  32.1740  ft/secV 

Mass=— 

XT  ^ 

Moment  of  inertia=mF.  (Indicate  axis  of 
T-i  gyration  k  by  proper  subscript.) 

Coeincient  of  viscosity 


p  Kinematic  viscosity 

P  Density  (mass  per  unit  volmne) 

Standard  density  of  dry  air,  0.12497  kg-m-‘-s*  at  15°  C 
and  760  mm;  or  0.002378  Ib-ft-^  sec^ 

Specific  weight  of  . 

0.07651  Ib/cu  ft 


^standard”  air,  1,2255  kg/m^  or 


Area 

Area  of  wing 
Gap 
Span 
Chord 

Aspect  ratio,  ^ 

True  air  speed 
Dynamic  pressure,  F* 

Lift,  absolute  coefficient  Cr—-^ 

q^S 

D 


3.  AERODYNAMIC  SYMBOLS 


lie 

it 

Q 

R 


Drag,  absolute  coefficient  Cr,- 


Profile  drag,  absolute  coefficient  On  =-^ 

0  qiS 

Induced  drag,  absolute  coefficient  On 

^  gS 

Parasite  drag,  absolute  coefficient 
Cross-wind  force,  absolute  coefficient  Cc^ 


ce 

e 

oto 

OCi 


Angle  of  setting  of  wings  (relative  to  thrust  line) 

Angle  of  stabilizer  setting  (relative  to  thrust 
line) 

Resultant  moment 
Resultant  angular  velocity 

Reynolds  number,  p—  where  Zis  a  linear  dimen- 

sion  (e.g.,  for  an  airfoil  of  1 .0  ft  chord,  100  mph, 
standard  pressure  at  15°  C,  the  corresponding 
Reynolds  number  is  935,400;  or  for  an  airfoil 
of  1.0  m  chord,  100  mps,  the  corresponding 
Reynolds  number  is  6,865,000) 

Angle  of  attack 

Angle  of  downwash 

Angle  of  attack,  infinite  aspect  ratio 

Angle  of  attack,  induced 

Angle  of  attack,  absolute  (measured  from  zero- 
hit  position) 

Fhght-path  angle 


0 

qS 
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THE  NACA  HIGH-SPEED  MOTION -PICTURE  CAMERA 
OPTICAL  COMPENSATION  AT  40,000  PHOTOGRAPHS  PER  SECOND 

By  Ceabcy  D.  Miller 


SUMMARY 

The  princivle  of  operation  ojtfu  NACA  high-epeed  camera  is 
completely  explavrml.  This  camera,  oper^mg  at  the  rate  oj 
LOm  photographs  per  secoml,  look  the  photographs  prese^ed 
in  numerous  NACA  reports  concerning  combustion,  preignitwn, 
and  knock  in  the  spark-ignition  engine 

Many  design  details  are  presented  and  ^ 

an  entirely  conventional  nature  are  omitted.  The 
aberrations  of  the  camera  are  discussed  and  paHly 
The  focal-plane-shutter  efect  of  the  camera  is 
Photographs  of  the  camera  are  presented.  Some  high-speed 
motion  pictures  of  familiar 

camera  shutter-are  reproduced  as  an  illustration  of  the  quality 
of  the  photographs  taken  by  the  camera. 


INTRODUCTION 

Tho  NACA  hieh-speed  motion-picture  camera  was  in- 
to  ..  Ih.  L..*ley  Field  l.bo»«,y 

because  of  a  demonstrated  need  for  a  faster  ^ 

was  commerciaUy  available  for  use  in  the  study  of  spark- 
ienition  engine  knock.  A  detailed  di^sign  of  the  camera  was 
prepared  during  1936  and  1937.  Tlie  lh;st  working  <  aniem 
Ls^  constructed  at  the  Norfolk  Navy  Yard  during  1938,  ] 
Ihis  eamera  openUeil  sueees.fnltv  :il  t he  „..t  on 

Dlmber  16,  1938,  at  Langley  Field.  Additional  cameras 
have  since  been  eonstnieted  according  to  the  same  desigm 
Since  the  til's!  test,  t tie  camera  has  l>een  used  by  the  NAC  A 
in  the  study  of  combustion  and  knock  in  llic  cjhndeis  o 
internal-combustion  engines,  both  with  spark  ignition  an 
compression  ignition.  Durii^  this  6-year  peno^Uie  c^ame 
has  given  dependable  trouble-free  service,  borne  of 
photographs  tLen  with  the  camera  during  this  period  have 
been  published  in  references  1  to  6,  and  olheis  aie  not  \( 
published.  The  high-speed  photographs 
Lhnical  lilms  (references  7  and  S)  were  also  tak.m  a.th 

^^Thi^airn'ra  has  li.'cn  operated  at  rates  up  to  403W() 
photographs  per  second.  The  camera  is  ‘; 

of  ope^rating  safely  at  80,000  photographs  per  second  witli 
only^sliglil  modilication.  Inasmuch  as  t lie  advantages  to  ic 
obUined  from  higher  speeds  increase  only  appro.ximate  y 
as  the  logarithm  of  the  speed,  it  has  not  appeared  worth 
while  to  motlify  tlie  camera  for  operation  at  80,000  photo- 

„p,K.aU.n„.»..lor  .ypa,  .-hia, 


the  photosensitive  film  is  moved  at  a  constant  ^Pe^  an<l 
successive  photographic  images  are  caused  to  move  in  the  sa 
di^eaion  ll  at  the  same  speed  as  the  film  by  optical  means. 
When  picture-taking  rates  become  so  high  that  it  is  not  pr  c 
ti,  able  to  stop  tlie  film  iltiring  the  exposure  of  each  photo¬ 
graph.  as  with  the  standard  type  of  motion-picture  c^mer  ^ 
it  becomes  necessary  either  to  tise  optical 
hold  the  photographic  images  stationary  relat 
moving  film  or  to  expose  each  photograph  by  a  light  flash 
of  such  sliort  duration  the  film  does  not  have  time  to  moxe 

aopreciablv  during  the  exposure. 

^  A  verv  considerable  number  of  optical-compensatmg  de¬ 
vices  are  known  and  several  of  them  have  been  more  or  less 
successfully  used.  The  bibliographies  presented  m  refetences 
9,  10,  and  11  include  literature  describing  many  of  the  known 

omer.  J»is»ed  u,  t.ke  pbolpgreph.  .t  very 
r«e.,  compromtara  n,u.l  b«  between 
but  k.»«ieting  el»»cteri.tk,.  The  pnncvb.  “ 

the  N  \CA  high-speed  motion-picture  camera  has  been  found 
to  aUoiv  an  Exceptionally  satisfactory  compromise  between 
the  following  characteristics: 

High  optical  speed 
1  Fligh  mechanical  speed 

:  (iood  deliniuoii 

Freedom  from  distortion 

1  Freedom  from  blurring  due  to  motion  of  image 

resocf'l  lo  lilni  .  . 

Adaptability  to  various  types  of  photograp  ly  an 
various  tvpes  of  subject  matter 
Urge  iiuiiiber  of  pictures  that  can  be  c.xposed  in  one 

Siiigb  imhit  of  view  for  all  photographs  of  a  sequence 
Possibility  of  proiecting  photograplis  as  exposed  without 
reprinting 

Simplicity  and  ruggedness  of  conslniclion 
Economy  of  construction 
Economy  in  the  use  of  photographic  film 
The  rugged  construction  and  the  remarkable  simplicity 
of  the  camera  assure  years  of  trouble-free  operation^  In¬ 
asmuch  as  the  camera  has  only  one  moving  part,  ^  r«te^ng 
drum  there  is  no  possibility  of  wear  except  in  the  easUy 
replaceable  ball  hearings  that  support  the  rotatir^  drum 
Br,nn.  accident,  the  uscrul  life  of  the  camera  is  therefo.c 

indefinitely  long. 


2 


REPORT  XO.  806 — NATIONAL  ADVISORY  COMMITTEE  FOR  AEROX'AUTICS 


The  present  paper  eoinpletely  explains  the  principle  of 
operation  of  the  camera  and  desifrn  details  that  are  of  special 
interest  but  does  not  include  desijrn  details  that  are  of  a 
conventional  nature.  Some  miscellaneous  (>.\amples  of 
photographs  taken  with  the  camera  arc  presentwl. 

DESIGN  DETAILS 

OPTICAL  SYSTEM 

Over-all  view  of  optical  system. — The  NACA  higii-speed 
motion-picture  camera  operates  on  the  optical-compensator 
])rhi(‘iple;  the  photosensitive  film  is  kept  cotitimionsly  iti 
motion  and  the  photographic  images  are  moved  with  the 
film  by  optical  means  in  such  a  maimer  that  each  image  re¬ 
mains  stationary  relative  to  the  film  during  the  time  of  its 
exposure. 

A  cross  section  of  the  camera  exposing  the  optical  system 
is  shown  in  figure  1.  The  optical  elements  that  impart  mo- 


Fir.vHE  1.-  ('ro.ssst'Clion  of opiicaJ system  f)fNAr.\  hiph-siieed  motion-pictun'ciimera. 


tion  to  tlu*  pliotographic  images  are  glass  prisms,  wliich  will  be 
explained  in  detail  later.  These  prisms,  each  constituting 
essentially  a  pair  of  mirrors,  are  arranged  in  a  continuous 
row  aroimd  the  inner  surface  of  a  roiating  drum  as  shown  in 
figure  1,  at  a  radius  slightly  loss  than  9  inches.  The  photo- 
siMisUiv(‘  film  is  carrictl  mi  tht‘  inner  surfai'i*  of  llu‘  same  rola(- 
ing  tlriini,  alongside  the  glass  prisms.  The  film  is  at  the 
outtM'iuost  cdLn'  of  the  drum,  the  prisms  lieinir  phu'cd  fartluM' 
inward  so  tliat  their  centrifugal  force  will  impose  a  smaller 
cantilever  stress  on  the  dnim  ledge.  The  drum  with  its 
shaft,  prisms,  and  pholosensitive  film  constitutes  the  only 
moving  part  of  the  camera. 

The  camera  has  three  stationary  lenses,  mounted  on  the 
axes  A  A  and  BB,  as  shown  in  figure  1.  Tlic  axes  A  A  and  BB 
and  llic  axis  of  rotalion  00  of  the  drum  mv  all  in  a  single 


])lane.  Eacli  of  the  glass  pri.sms  carried  by  the  drum  passes 
across  the  intersection  of  a.xes  A  A  and  BB  as  the  drum  rotates. 
The  axis  BB  passes  through  the  photosensitive  film  on  the 
side  of  the  rotating  drum  opposite  the  point  where  that  axis 
passes  through  the  glass  prisms,  that  is,  opposite  the  point  of 
intersection  of  axes  A  A  and  BB. 

The  objective  lens  forms  a  primary  image  of  the  object 
that  is  to  be  photographed  at  the  point  of  intersection  of  axes 
A  A  and  BB.  Each  of  the  glass  prisms,  as  it  passes  through 
this  point  of  intersection,  refiects  the  light  beam  coming  from 
the  objectiv('  lens.  The  relle('ted  l)eam  passes  through  the 
first  and  second  refocusing  lenses,  which  form  a  secondary 
image  on  tlie  photosensitive  film  every  lime  a  glass  prism 
crosses  the  intersection  of  axes  A  A  and  BB. 

Each  of  the  glass  prisms  not  only  reflects  the  light  beam 
hut  imparts  a  translatory  motion  to  it,  and  the  two  stationary 
refocusing  lenses  shown  in  figure  1  modify  the  motion  of  the 
light  beam  in  such  a  manner  that  the  images  formed  on  the 
moving  film  arc  stationaiy  relative  to  tliat  film.  Each  glass 
prism  translates  the  reflected  beam  in  a  direction  normal  to 
the  axis  of  the  beam  without  appreciable  rotation  of  the  beam 
about  any  axis.  This  translatory  motion  unparted  to  the 
reflected  i)eam  by  the  glass  prism  is  in  the  same  direction  as 
the  motion  of  tlie  prism  itself  and  is  twice  as  fast  as  the 
motion  of  the  prism.  Because  of  the  translatory  motion 
imparted  to  the  reflected  beam,  if  the  primary  imi^c  formed 
by  the  objective  lens  is  observed  by  the  light  of  the  reflected 
!)(*am  thnt  image  will  have  the  appearance  of  moving  in  the 
same  direction  as  the  prism  and  twice  as  fast.  Inasmuch 
as  the  two  refocusing  lenses  and  the  photosensitive  film 
“see”  the  primary  image  by  the  light  of  the  reflected  beam, 
they  will  treat  the  primary  image  in  all  respects  as  if  it 
actually  wore  moving  in  the  same  direction  as  the  glass  prism 
and  twice  as  fast  as  the  glass  prism.  The  secondary  image, 
formed  on  the  photosensitive  film  by  the  refocusing  lenses, 
is  inverted  with  respect  to  the  primary  image  as  seen  by  the 
liirht  of  'Ji('  ri'ffi'cU'd  !)rani.  inasmuch  as  no  image  is  fornua! 
l)elween  the  two  refocusing  lenses  to  cause  a  double  inversion. 
For  this  reason,  the  secondary  image  moves  in  the  direction 
opposite  to  the  motion  of  the  primary  image  as  seen  by  the 
liglit  of  the  refieeted  beam,  or  in  the  same  direction  as  the 
photosensitive  film  on  which  the  secondary  image  is  formed. 

With  the  optical  system  treated  for  the  present  as  if  the 
emulsion  on  the  photosensitive  film  and  the  intersection  of 
a.xis  A  A  with  a.xis  BB  were  ecjuidistant  from  the  axis  of 
rotation  00  of  tlie  drum,  tlie  focal  lengths  of  tlie  two  re¬ 
focusing  lenses  are  so  chosen  and  their  positions  along  the 
axis  BB  ai‘(‘  so  mljust(‘d  tluil  llu*  s(*con(larv  image  falling  on 
the  photos(5nsitive  film  is  half  as  large,  in  any  linear  dimen¬ 
sion.  as  (he  lu'imarv  image  formed  l\v  the  ofijeetive  lens. 
The  secondary  image,  being  half  as  large  as  the  primary 
image,  moves  half  as  fast  as  the  primary  image.  If  the 
speed  of  the  pliotosensitive  film  is  designated  r,  then  the 
speed  of  the  glass  prisms  is  also  v;  the  speed  of  the  primary 
image  as  viewed  by  the  light  of  the  reflected  beam  is  2v;  and 
the  speed  of  the  secondary  image  is  HX2r=e  or  the  same  as 
the  speed  of  the  ])lioU)sciisitiv(‘  iilni. 
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Because  of  dnim-stress  <'oiisi(lerat.ions,  tlie  glass  prisms 
were  placed  slightly  closer  to  the  axis  of  rotation  00  than 
was  the  supporting  ledge  for  the  photosensitive  Him.  tor 
this  reason,  in  order  to  make  the  speed  of  the  secondary 
image  equal  to  the  speed  of  the  emulsion  on  the  photosensi¬ 
tive  Him  it  was  necessary  that  the  size  of  the  secondary 
image  lie  made  very  slightly  greater  than  half  the  size  of  the 
primary  image.  By  a  careful  trial-and-error  adjustment  of 
the  positions  of  the  two  refocusing  lenses  along  the  axis  BB, 
it  has  been  possible  to  make  the  speed  of  the  secondary  image 
very  closely  the  same  as  the  speed  of  the  photosensitive 
emulsion  so  that  the  secondary  image  remains  stationary 
with  respect  to  the  emulsion  tliroughout  the  time  of  e.xposure. 

In  any  case  where  the  object  being  photographed  is  moving 
steadily  in  a  single  direction,  the  secondary  image  of  the 
moving  object  can  be  made  stationary  with  respect  to  the 
photosensitive  Him.  In  such  a  case  the  camera  is  so  oriented 
that  the  motion  of  the  object,  as  seen  in  the  primary  image 
formed  by  the  objective  lens,  is  in  the  same  direction  as  the 
motion  of  the  glass  prisms.  By  an  appropriate  readj  ustmen  t 
of  the  positions  of  the  first  and  second  refocusing  lenses,  the 
secondary  image  of  the  moving  object  can  be  made  stationary 
with  respect  to  the  moving  film.  With  the  rcfocusii^  lenses 
adjusted  in  this  manner,  any  stationary  object  would  appear 
somewhat  blurred  in  the  photographs  produced  on  the  photo¬ 
sensitive  film;  only  the  steadily  moving  object  would  appear 
sharply  defined. 

Physical  form  and  manner  of  mounting  of  the  optical- 
compensating  elements. — One  of  the  glass  prisms  that 
reflect  and  impart  motion  to  the  light  beam  in  the  camera  is 
shown  in  three  views  in  figure  2,  Use  of  an  optical-compen- 


afS  In, 

I! 


In. 


aOi5  fn} 


Figure  2. 


sating  element  of  this  typo,  but  in  a  different  maimer,  was 
proposed  in  1898  bv  Mortier  (reference  12)  and  the  element 
has  lu'en  used  in  other  designs  since  that  time  fn'feren.-es  t:5 
to  10) .  Faces  D.  G,  and  H  of  the  prism  are  optically  polished 
and  faces  G  and  H  are  coated  with  an  aluminum  film  for 
back-siirfacc  reflection.  Faces  E  and  F  and  the  lirism  ends 
J  and  K  are  rough-ground.  The  manner  of  mounting  the 
glass  jirisms  in  the  rotating  tlriim  is  made  clear  in  figures  3 

and  4.  .  ^  ^  r 

Figure  3  is  an  enlarged  sketch  of  section  C-C  from  ligurc 

1,  with  an  auxiliary  view  of  a  portion  of  the  ilrum.  the  auxili- 
iirv  view  haviiur  the  conventional  reiat ionshii)  to  the  ■^keleli 


of  section  C-C.  Both  the  section  C-C  and  the  auxiliary 
view  are  drawn  with  only  one  glass  prism  installed.  Figure  4 


A  ax  fh  ary  vietv  of  a 
singie  mounted  prism 
with  portions  of 
adjacent  prism  seats 
C 
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Prism ‘Supporting  iands 
Circum  ferenfial 
obufmen  t 
Film  ledge- 


(_  -CirCumfer'entiQl 

^  j  abutment 

•  '  ,  Circumferential 

grooves 


Film'  positioning  pin 

Section  C-C  (see  also  fig./) 
Figure  3. 


is  an  enlarged  sketch  of  section  L-L  from  figure  3,  showing 
the  V-noU-hed  prism-supporting  land  with  two  of  the  glass 

prisms  in  place.  /c  o  i 

The  details  of  the  seats  for  the  glass  prisms  (hp.  3  anu  4; 
can  probably  best  be  explained  in  terms  of  mphmii^  opera¬ 
tions.  In  the  turning  of  the  drum  a  land,  a  little  mote  than 
Yt  inch  wide,  was  provided  around  the  inner  surface  of  the 
drum  in  order  that  the  prism  seats  would  not  have  to  be 
cut  into  the  body  of  the  drum,  weakening  it  m  toe  canti¬ 
lever  sense.  The  three  circumferential  grooves  inmeated  m 
figure  3  were  then  turned  by  cutting  into  the  }^inch-wide 
laml.  After  these  tliree  grooves  were  turned,  all  that  re¬ 
mained  of  the  )^-inch-wide  land  were  the  two  circui^erentia 
almtmi'iits  and  the  two  prism-supporting  lands  indicated  m 
figure  3.  The  next,  and  final,  machining  operation  was  the 
inilling  of  V-shaped  notches  in  I’ach  of  tlie  two  prism- 
su[)poi*t  mg  iaiuis,  us  sliovvn  m  (igurc  4. 


FlOURR  4. 


After  the  machining  operations  were  completetl  and  the 
drum  was  balanced  ami  mounted,  the  glass  prisms  were 
inserted  in  the  V-shaped  notches  in  the  prism^upporting 
lands  in  the  manner  showm  in  figures  :?  and  4.  Each  pnstn 
was  placed  with  one  eml  in  contact  with  the  circumferential 
abutment  nearer  the  film  ledge  in  ortler  to  opppe  the  coin- 
ponent  of  centrifugal  force  tending  to  cause  the  prisms  to 
l(Migthwi-t>  in  lln'ir  supports. 
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Figure  6. 
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The  <.hara,-toristic  of  the  optical-compensating  olemout 

illusiraUcl  in  figure  7  makes  clear  wl.y  tl.e  mculenl  am 
rertectcd  beams  in  llie  camera  had  to  lie  m  a  plane  noima 
to  the  direi-tion  of  motion  of  the  prisms  rather  than  m  a 
plane  containing  the  line  of  motion  of  the  prisms.  In  Ins 
lilure  an  entering  ray  is  shown  making  an  angle  xvnt h  a 
nr,rmal  to  the  face  D.  The  emerging  ray  can  easi ly  1  c 
diown  to  be  parallel  to  the  entering  ray.  ith  a  90  an^l 
between  prism  faces  G  and  H.  it  is  not  possd.le  to  or m  a „ 
angle  between  the  entering  and  emerging  rays  if  th 
rays  form  a  plane  containing  the  line  ol  motion  of  the  piiMi  . 
that  is.  the  plane  of  the  paper  in  figure  (. 
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'■  lan-e  aperture  are  sometimes  used  m  the  <-amera,  somi  hg  i^ 

1“;  make  a  rather  eonsulerahle  angle  with  the  norma l  o 
the  prism  face  D.  Without  the  side  faees  E  anil  F  some  of 
these  oblique  rays  may,  as  shown  in  the  upper  Mew  o 

,'--Cnfcrin<^  ray  j 


Emerging  ray 


-Emerging  ray 


The  entering  and  emerging  rays  bis  tern 

from  each  other  laterally.  In  a  practical  case  tins  lat  a 
displacement  could  be  used  to  separate  the  mctdenl  and 
reflected  beams,  that  is,  to  cause  the  reflected  Wm  to  pass 
through  the  refocusing  lenses  rather  than  to  ^ 
the  objective  lens,  only  if  the  prism  were  very  large  relat 
to  the  lens  dimensions.  The  large  size  of  the  P"®'"  J'"  ^ 
reduce  t  he  picture-taking  rate  to  a  small  fra<  tion 
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Ii.,u,.c  9  rcilecl  from  face  G  to  face  D  to  face  H  and  llieiice 
l,nt  of  the  prism  to  the  wrong  place  on  the  photosens.tiv. 
lilm  With  the  type  of  prism  actually  used  m  the  caimia, 
‘l..  I.W.T  vi'~-  of  fisoro  9.  «.c;U  »  «W,q...- 
G  I..  too,  D  1..  ta.  o  F  .0.1  » 

The  side  faces  E  and  F  also  have  the  effect  of  materiaUy 
thii-kcning  the  prism  and  thereby  increasing  its  resis  ance 
.wi  /•ontrifimal  force 
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Figure  10  illustrates  the  nearly  nil  ell'ect  of  rotating  the 
in-ism  about  the  line  of  intersection  of  faces  G  and  H , 
Whether  the  prism  is  in  the  full-line  position  with  faces  D. 
G.  and  H,  or  in  the  dashed-line  position  with  faces  D',G 
and  H',  the  emerging  ray  comes  out  of  the  ]>rism  along  the 
same  line,  if  the  refracting  effect  of  face  D  is  neglected. 
The  refracting  effect  of  face  D  actually  imparts  a  slight 


motion  to  the  primary  image  as  seen  by  the  reflected  beam, 
as  the  prism  rotates,  in  the  same  manner  as  with  the  rotating 
prism  of  the  camera  described  in  reference  17.  This  motion 
only  alters  slightly  the  reduction  ratio  required  between  the 
primary  and  secondary  images  in  the  camera.  The  motion 
is  not  quite  linear  with  the  ai^ular  displacement  of  the  prism, 
but  the  total  angle  throi^hout  which  the  prism  rotates 
during  the  exposure  of  the  photograph  is  so  small  that  the 
departure  from  linearity  is  an  unimportant  effect. 

A  rotational  characteristic  of  the  glass  prism  that  must  be 
considered  in  a  study  of  the  optical  system  of  the  cami>ra  is 


illustrated  in  figure  ft.  This  figure  shows  the  prism  in  two 
positions  rotated  from  each  other  through  an  angle  of  90° 
about  the  axis  MM.  A  hypothetical  image  is  shown  as 
seen  in  the  beam  entering  the  prism  and  in  the  beam  leaving 
the  prism,  for  both  the  first  arul  second  prism  positions. 
.\lthough  the  image  as  seen  in  the  entering  beam  is  the  same 
for  both  prism  positions,  the  image  as  seen  in  the  emerging 
tieain  is  rotated  through  180°  by  the  90°  rotation  of  the 
prism.  Just  as  translatory  motion  of  the  prism  in  the  proper 
direction  imparls  translatory  motion  to  the  reflected  beam 
in  the  same  direction  and  at  twice  the  speed,  rotation  of  the 
jirism  about  the  axis  MM  imparts  rotation  to  the  reflected 
beam  in  the  same  direction  and  with  twice  the  angular 
velocity.  This  effect  must  be  considered  in  a  study  of  the 
optical  system  of  the  camera  because  there  is  a  small  com¬ 
ponent  of  rotation  of  the  prism  about  the  axis  MM  during 
the  exposure  of  tlie  photograph. 

A  final  characteristic  of  the  glass  prism  that  is  necessary  to 
a  complete  understanding  of  the  camera  is  its  effect  of  invert¬ 
ing  the  reflected  beam  of  light.  The  beam  is  inverted  about 
a  neutral  plane  containing  the  axis  M  M  and  the  90°  prism- 
face  intersection,  as  shown  in  the  upper  view  of  figure  11.  It 
is  fumlamentally  this  property  of  inveision  of  the  reflected 
beam  about  a  neutral  plane,  the  neutral  plane  moving  with 
the  prism  at  the  same  speed  as  the  prism,  that  causes  the 
reflected  beam  to  receive  a  motion  of  translation  in  the  same 
direction  and  at  twice  the  speed  of  the  prism.  Any 
element  that  either  reflects  or  transmits  a  beam  of  light,  and 
at  the  same  time  inverts  that  beam  about  a  neutral  plane 
fixed  with  respect  to  the  optical  element  itself,  will  have  the 
same  effect  of  imparting  translatory  motion  to  the  reflected 
or  transmitted  beam.  An  example  of  a  transmitting  element 
that  produci’s  this  effect  is  shown  in  figure  12. 


It  should  be  understood  that  the  beam-inverting  effect  of 
the  prism  used  in  the  camera  is  not  the  same  as  the  right-to- 
left  inversion  commonly  thought  to  exist  with  ordinary  plane 
mirrors.  With  normal  incidence  the  ordinary  plane  mirror 
dot's  not  actually  invert  the  light  beam  either  from  right  to 
left  or  from  top  to  bottom.  What  it  actually  does  is  only  to 
reverse  the  direction  of  the  beam,  or  to  invert  the  beam  from 
front  to  back.  The  neutral  plane  of  the  inversion  is  the 
plane  of  the  iiiUTor  surface  nscif.  In  a  camera  with  a  single 
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piano  mirror  interposed  between  the  lens  and  tlie  film,  inas- 
mu(‘h  as  orly  one  inversion  of  the  beam  occurs,  from  front  to 
back  with  normal  incidence,  a  mirror  image  is  produced  on 
the  film  if  the  image  is  viewed  in  the  conventional  manner 
from  the  back  side  of  the  film.  With  the  camera  here  under 
discussion,  however,  there  are  always  two  reflections  and  two 
inversions.  The  reflected  beam  is  not  only  inverted  from 
front  to  back  but  also  from  top  to  bottom.  The  image  pro¬ 
duced  on  the  film  is  consequently  a  true  image  of  the  object 
as  in  a  conventional  camera,  not  a  mirror  image. 

Lenses  used  in  the  camera. — Many  different  lenses  have 
been  used  in  the  camera  as  objectives.  Once  the  two  re¬ 
focusing  lenses  arc  properly  adjusted,  the  objective  lens  may 
be  changed  at  will  without  any  need  of  altering  the  adjust¬ 
ment  of  the  refocusing  lenses.  It  is  only  necessary  that  the 
objective  lens  be  adjusted  to  form  a  primary  image  at  the 
intersection  of  axes  A  A  and  BB.  (See  fig.  1.) 

The  design  of  the  camera  places  a  limitation  on  the  back 
focus  of  the  objective  lens,  in  that  the  objective  lens  must  not 
physically  interfere  too  much  with  the  light  beams  reflected 
from  the  moving  prisms.  The  design  also  places  a  limitation 
on  the  usable  relative  aperture  of  the  objective  lens.  This 
limitation  on  relative  aperture  is  twofold:  first,  the  physical 
limitation  due  to  selection  of  the  smallest  feasible  angle,  about 
27®,  between  axes  A  A  and  BB;  second,  the  limited  capacity  of 
the  apertures  of  the  refocusing  lenses  to  transmit  the  light 
from  a  large-aperture  objective. 

The  lower  limit  of  back  focus  is  about  1  inch,  with  a  relative 
aperture  of  f/3.  A  lens  meeting  these  specifications  would 
require  a  special  mounting  such  that  almost  the  entire  diam¬ 
eter  of  lens  and  mount  would  be  useful  aperture.  The  objec¬ 
tive  lens  actually  used  for  all  the  schlieren  photographs  of 
combustion  and  knock  presented  in  references  1  to  6  was  a 
plain  cemented  doublet  with  a  back  focus  of  2!^  inches  and  a 
relative  aperture  of  about  f/5.  The  high-speed  motion  pic¬ 
tures  that  will  be  presented  in  this  report  were  taken  with  a 
more  highly  corrected  photographic  objective  having  a  focal 
length  of  5  inches  and  a  relative  aperture  of  f/3. 

No  very  definite  formula  can  be  set  for  selection  of  the 
two  refocusing  lenses,  which  must  be  well-corrected  photo¬ 
graphic  lenses  with  undistorted  fields.  If  only  one  refocusing 
lens  had  been  used,  instead  of  two,  its  aperture  would  have 
had  to  be  very  much  larger  than  the  apertures  of  the  two 
refocusing  lenses  that  were  actually  used,  in  order  to  transmit 
all  the  light  received  via  the  moving  prisms  from  the  objective 
lens.  The  larger  diameter  for  the  single  lens  would  have 
been  undesirable  for  two  reasons:  first,  because  such  large 
ieiises  ai‘e  imicii  iiiorc  (ililii'idl  li>  obuuu  rniiinit  ri  iaHv  ;li;ui 
the  smaller  lenses;  second,  because  the  larger  diameter  would 
have  required  a  wider  rotating  drum,  creating  greater  canti¬ 
lever  stresses. 

A  further  advantage  of  using  two  refocusing  lenses  is  that 
commercially  available  lenses  may  be  used  with  approxi¬ 
mately  the  conjugate  foci  for  which  they  were  designed,  that 
is,  infinity  and  the  principal  focus.  A  lens  was  chosen  as  the 
first  refocusing  lens  having  a  focal  length  approximately 
twic(‘  that  ol  tlu‘  sc<‘()nd  rtdocusing  h'us.  Sre  fig.  1.^  With  , 
this  combination  of  focal  lengths,  the  necessary  ratio  of  2  j 


l)etw(‘en  the  size  of  the  primary  image  and  that  of  the  second¬ 
ary  image  was  obtained  approximately  with  the  primary 
image  at  the  principal  focus  of  the  first  refocusing  lens  and 
the  secondary  image  at  the  principal  focus  of  the  second 
refocusing  lens.  The  first  refocusing  lens,  consequently, 
forms  a  virtual  image  at  infinity,  and  the  second  refocusing 
lens  uses  this  virtual  image  at  infinity  as  its  object.  The  first 
refocusing  lens  is  used  backward  in  the  sense  that  the  light 
passes  through  it  in  the  opposite  direction  to  the  conventional. 
It  is  used  in  the  correct  manner,  however,  inasmuch  as  the 
near  focus  is  on  the  correct  side  of  the  lens. 

After  a  decision  was  made  that  two  refocusing  lenses  should 
be  used,  the  first  having  approximately  twice  the  focal 
length  of  the  second,  an  infinite  number  of  combinations  of 
focal  lengths  still  remained.  In  the  selection  of  a  combina¬ 
tion  from  the  infinite  number  of  possible  combinations,  a 
number  of  factors  had  to  be  taken  into  account.  First  cal¬ 
culations  wore  made  on  the  basis  of  the  apertures  required 
to  transmit  all  light  from  the  5-inch-focai-length,  f/3  objec¬ 
tive.  It  was  found  that  with  short  focal  lengths  of  the 
refocusing  lenses,  the  aperture  of  the  second  refocusing  lens 
had  to  be  unreasonably  large  and  that  with  long  focal 
lengths  the  aperture  of  the  first  refocusing  lens  had  to  be 
large.  The  greater  commercial  availability  of  short-focal- 
length  lenses  with  small  f-numbers  than  of  long-focal-length 
lenses  with  small  f-numbers  had  to  be  considered.  The 
relative  qualities  of  definition  of  the  available  lenses  of 
different  f-numbers  were  important. 

In  the  earlist  operation  of  the  camera  a  first  refocusing 
lens  of  7-inch  focal  length  and  f/3  relative  aperture  was  used; 
the  second  refocusing  lens  was  of  3K-inch  focal  length  and 
f/1.5  relative  aperture.  This  combination,  according  to 
calculations,  would  transmit  all  the  light  that  passed  through 
the  5-mch,  f/.3  objective  lens  except  the  unavoidable  losses 
from  absorption  and  reflection  at  glass-air  surfaces.  These 
lenses  did  not  prove  to  have  good  enough  definition  and,  in¬ 
asmuch  as  the  available  light  proved  to  be  more  than  ample, 
a  decision  was  made  to  sacrifice  aperture  in  favor  of  defini¬ 
tion.  A  7-inch -focal-length  and  a  3*i-inch-focal-length 
Bausch  and  Lomb  C'inephor  lens,  each  of  about  f/2.9  relative 
aperture,  were  obtained  and  these  lenses  have  been  used  as 
first  and  second  r(docusing  lenses  throughout  the  past  5 
years.  The  light  transmission  has  been  adequate  for  the 
taking  of  the  schlieren  photographs  presented  in  references 
1  to  6,  with  100-  to  ,500-watt  incandescent  projection  lamps. 
The  definition  has  been  (juite  adecpiate  for  the  scientific 
purposes  for  which  the*  camera  was  intended  and  has  been 

Photosensitive  film, — The  camera  was  designed  to  use 
standard  single-width  8-millimcter  motion-picture  film,  per¬ 
forated  on  one  side  only.  The  film  is  placed  around  the 
inside  of  the  rotating  drum  by  hand,  through  a  4-inch - 
diameter  hand  hole  in  the  camera  casing.  The  film  is  held 
about  the  inner  edge  of  the  drum  by  aluminum-alloy  pegs 
pressed  into  holes  in  the  iimer  surface  of  the  drum,  one  peg 
for  every  12  perforations  in  the  film,  31  pegs  in  all.  When 
ihc  (dm  is  iiiomUc'd  in  tlu'  drum,  it  usually  tends  to  loop 
away  from  the  drum  between  some  of  the  pegs,  the  amount 
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Tho  iihn  ts  mountocl  laps  ovor  tho  loading 

takon  that  tho  tiaihng  i  of  iho  trailing  ond 

n  i  oil  to. 'othoi-  tomporarily. 
is  moistono.1  to  ooinont  the 

X.,  a,.,. nipt  has  J'';*;;’  ,,„„„„,,,uvlly  availablo 

lilms  lor  tho  oainorv,  as  tlu  last . 

thl  Slal  system.-ln  all 
Aberrations  an  ,«rni»ras  closisTnod  to  oportUc  ul 

known  that  of  tho  oamora  hoing  dosorihod 

spoods  ooinparable  '  in  favor  of  spood  have 

I'ro,  some  sacrifioos  of  image  qnd.^  ^Xlcl  ugh-spooel 

camora  will  b(  listoo  i *wli>niiato  for  the  s(‘u*ii- 

definition  of  the  photog^^ 

lific  purposes  foi  of  the  definition  may  he 

photographs  of  rofor- 
judged  Msually  J  o  .  presented  in  this  report. 

■■■  ■''' 

T„d  defoe  ot  .h,  op.i»l  .y«-  o'  »“ 

camera  are  as  follows;  inherent  defects  are 

1.  „rc 

almost  entirely  additi  .  of  one  of  the 

used,  it  m'k'ltl  P«ss''’'‘  *  ,i:,tortions  of  the  other  ro- 
refocusing  lenses  to  don  in  the  total  num- 

focusing  lens,  with  over 

ber  of  Ion.  S™®!*  “  ihroo  lons.^.  honwor, 

its  present  condition. 

could  never  be  made  as  tho  diameters 

comnu'roml  lenses  actually  s  prohahly 

of  the  eWes  of  .t-le  o7  eonfusion  of  the  com- 

be  added  toget  ur  confusion  heiiig  ex- 

hination.  the  diameter  f  ^  ,,.idtli. 

pressed  in  each  case  as  ^  l^.^sor  decree  the 

2.  The  two  l,,Ilh  than  would  be  useil 

objective  leus.  au  on 

m  a  conventional  ^  ^  confusion  than 

length  lenses,  in  '  rtime  and  shorter  focal  length. 

lenses  of  the  same  relati  e  aperi  re 

r'"f “u'rSo  ™ 

„lo,..,™.d  ™  p„duo.  .■nr,-.li,.,.r  d», onion 

pcnsating,  '"■Jd  i'ot  merely  p  blurring  of  the 

pbo, orpine  '"“y  by  ,b,.  1«.-. 

pholoprupliii'  imogi-  ^  i,pa„P  movo  tM-ro.s  ll.o 

. . 

'■r^v^srpn.^.ond*^^^^ 

.utuoLly  inojod  in  «  •  raS^  pirf 

on  the  arc  of  a  circle.  fiotrt  lenses  for  use  as 

l,y  IW  ■'«'«"«  "utedoU" "ddi  •l>oo.  d 

ut™*  ..1  .  o'ni.oiou  in  il.o  Im.'  i"»r  "  I'"" 

S  lb.  height  of  .  fotmo  on  ih.  S.mdhm.UT  hhn. 


s  A,  ..yplidnod.  .ho  prionuy  innigo  nu«  ho  '»™«  « 

„(  f„oo,  G  .0,1  H .1.0  «'“dr, 

„o„i,|  ,l.,„l.li,.g  ot  innig.-.  d'lo  in  ^  |,o 

1 .  m,.c  fi.h  ()  )  However,  inasmuch  its  the  a.xis  oi 

dig.  n  ^ 

't!,"',,Tnoi' ‘””l!o  |'>nm"'ry  im.go  l«  toon.  ..  the  i,.ior,.n-..o„ 

.  .  '  ,■  .  (~  ..,,,1  H  The  l>it°  ande  of  the  prisms  used 

(I  prism  lilies  td  .m.l  n. 

'  :::,.iv=.=n“ 

1  .Mt  With  the  i)rimary-imap'  width  of  0.4  , 

rtiio'h^  o,  .h.  0.0,^ 

I  'T*'\he  irlass  prisms  are  set  in  the  rotating  drum  at  an  an^ 
f  IVyO^  Hb  the  nxl;  of  rotation  of  the  drum.  Tins  angnlanty 

;ro!:;r.S:o«hndu„ngo.tp"o.,.oo,^^^_^^^^^^ 

;:.v;:.;ronr;;::;.'h™g«^^ 

r“"r™EEri-b« 

o^rs:u,Tp:r.X“.r.::^^^^^^^ 

‘''r'sln  I'ight  U  rellected  from  both  sides  of  face  D  of  the 
.  (So,.  Ik  2  1  Xo  translatory  motion  is  im- 

"  "T  ril  Ids  light  aid  it  therefore  forms  a  blurred  stationary 
parted  to  this  11^1  This  stationary  image 

..«h.o,n, SOS.  a, 
i;:'';:oo:ix:o.t:n';,ro,;;vo,,™^^^^ 

axis  of  this  lens  is  puptiu  u  second  refocusing 

The  means  of  ,1,.  uueraeeuon  of  the  lens 

lens  along  t  ^  ^  1^  halfway  between  the 

used  are  very  close  togcthei.  the  nhoto- 

II,,.  n,.xt  .n<r..nl.ng  I  .m  ^  ^  p,,,,,,,,, 

::^r:r:h::ar;i4..-P..... 
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NU-A  H..H-SP.:ra  „<vr„.N-P.CIC»E  CA.MPRA 


i*vnosuro  time  for  any 
hetwoon  siUTOSsivo  boon  rediiroil  in  lias 

point  Nvi’hin  ■  „f  iiic  cross  section  of  ihc 

ciimoiii  l>y  iiHlucing  ^  arum  witlt 

prisms  and  mounting'  n^  ,.,Hluction  in  cross  section, 

spaces  lietween  tliem.  p'aiv ^ 

,L  ever,  .-oiiia  seriously  w  i  ken  Uu 

(hem  very  dltlicuU  to  ,p,,  ,„,„l  time  between 

lo  >v<kic.-<luM-aUoof  .'xpos 

successive  frames  won  i  clianninc  tlic  prism  dc- 

takine  rate  of  the  camel  ,aternate  prisms  from  the  i 

,i,„;  that  is,  simply  to  ^no^c^  1 

camera  ilrum.  or  to  lem  rolative  exposure  time 

and  so  on.  The  fact  that  ‘  „se  of  the 

has  not  been  fatal  to  the  ,,^aerence  6.  In  this 

camera  is  evidenced  by  „n,onlv  encountered  in  the 

reference,  the  type  of  ^  I,;.  ^  self-propagatinsi 

spark-ignition  engine  is  ^  ^  tletonation  wave. 

tween  frames.  framine  meehanism,  that 

10.  The  camera  does  not  ,overing  such 

is,  a  provision  to  ®  ^o,.prlaps  the  next  succeeiling 

a  wide  field  of  view  framing  device  is  not  a  serious 

photograph.  The  absence  ^  40,oOO  frames  per 

disadvantage  in  a  came  a  opera  ^  ^  view 

U»  cn,.™  and  U.aobiect 

to  be  photographed,  focal-planc-shutter  elfect 

Focal.plane-shut  ereffe«.^^Thef^^^  ,,I.MTation.  but  is  of 
of  the  camera  might  be  ^  aberrations.  U  has 

greater  conldusions  develope.1  herein  con- 

been  necessary  to  use  t"®  ^  ^1,,.  aetermination  of 

cerning  the  focal-plane-shutt u  ^ 

knock-detonation-wavespe  ^  ,  shutter  used  m  n 

The  conventional  'TP^'.  sort  of  window 

high-speed  “still  ^  \  one  roller  to  another  at 

blind,  which  is  rapidly  roll  ,,„,ansc  of 

(lie  time  ol  snapping  1  instant  is 

window  blind  between  the  ^  o^ed  on  the  film  and  is 

slightly  larger  than  the  aie  •  ^  j  ^osensitive  emulsion 

m  a  plane  almost  in  ^  |li,  i^ns.  The  window 

of  the  film,  between  t  e  .lajustable  width,  which 

blind  has  at  rails  viMse.  I  .  -  window  blind  passes 

moves  mpidly  acioss  ^  moving  narrow  sht 

™,e  ™u.-  ,  “  ”  '  :  «.»' 

allows  light  to  pass  •  .i,.yual  point  in  the  picture, 

short  exposure  time  however,  that  different 

The  shutter  has  the  disa  b  ■  ^iijfn.i.ni  times, 

parts  of  the  pkotog‘“P^)  “J*' j,^.o  undesirable  effects  if 
The  focal-plane  being  photographed, 

there  are  any  motions  m  t  J  photographic 

proviileil  that  the  ^  the  velocity  of  the 

image  are  of  a  velocUv  of  these  etfects  is 

sUt  of  the  focal-plane  shutlei.  Ibe  urs 


i  •  ,.i  •  tlic  second  is  falsification  of 
distortion  of  a  moving  ” ’h'  '  i>,,culiarlv,  in  spite  of 

as  the  moving  slit  of  a  P  bme  of  the  primary 

the  light  beam  approximati  K  f„cal-plane-shutter 

iuiage  formed  by  tl'*;  In  this  figure 

elfect  of  the  prisms  is  i  ns  la  i|  i.^i,.isms,  shown  only  for 
view  I  IS  an  end  view  of  some  of  '  »  2  and  d 

the  purpose  of  assisting  t  u  ‘  ^  bli  the  prism  face 

^be  figure.  Views  2  ->“  '  ;  ‘lua  abould  be  under- 

D  (see  fig.  2)  in  the  Pf*^'- ‘^rview  of  the  same  prisms 
Stood  to  represent  one  and  t  _  between  the  two 

hi  the  same  position  ^he  .^ul>  d^ 

views  IS  tliat  '  bt  on  the  prism  from  the  objective 

formed  by  the  inci  i  b  moving  images  h,  I2. 

lens,  whereas  view  •  p  p  and  Pa,  respectively,  as 

ami  la,  formeil  by  prisms  P„  Pa,  ami  a, 

seen  by  tlie  light  of  each’ prism  inverts  that  portion 

With  the  fact  m  mind  that  each  pri  center  line. 

of  the  light  beam  age  as  seen  by  the  light  of  the 

it  xvill  he  b  to  three  parts  as  shown  by  the 

retleeted  beam  will  be  split  11  these 

black  portions  of  the  images  •  construction  of 

three  parts  of  the  image  ujed Jis  a  W  f 

a  complete  dashed-hne  im  ^  ^  rpbesc  resulting  three 

resulting  throe  images  are  c  ^ 

images  have  been  design  orisms  Pi,  Pi,  and  Pi,  respec- 

according  to  transports  its  corresponding 

tively .  Inasmuch  as  each  p^^  the  prism 

imago  a  ihatance  equal  priam  width,  it  is  a 

iUclf  moves  «'.‘f‘"tancc  cq  1  ^  half  the 

lUM'ossary  coiulition  tliat  11  successive  moving 

image  height  it  lioth  sueccsaivo  P“^  jgjtta  are  made 

images  will  have  blank  I  and  2  has 

The  actual  velocity  of  pris  ^  ^  b„l,. 

been  as.sumed  upw^aid.  .J  ,be  velocity  V«of  the 

cated.  above  view  2.  as  \  i  ^  .lireetion  as 

moving  images  is  '’‘''l'’;'.''  !  bsolute  velocity  of  the  prisms, 
and  at  twice  the  speed  of  Ih  t,  moving  images 

The  velocity  IV  o  the  ‘aowmward  at  half  the 

of  view  3  IS,  as  showm  in  g  ^  13 

speeil  of  the  moving  upward 

is  sufficient  to  show  tha  '  V  ^aiuc 

across  the  stationary  imagcM.  3_ 

of  prism  P.  coincides  with  with  the  leading 

that  the  trailing  P"^^^^tion  of  the  prisms  relative 

edge  of  prism  P3.  ;j  however,  it  is 

to  the  moving  images  is  ,  ^..parated  from  the 

,  found  that  the  tiaihiig  edge  p^^m 

i  leading  edge  of  pnsm  Pi  and  that  the 
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Pi, 

Pi, 

Pj. 

Eu 

Ej. 

El. 

£♦, 

Esi 

E«. 

E:, 

El, 


View  1 

view  ot  prisms  View  of  prism,  with  prism  face  D  (see  lls.  ii)  m  plane  of  paper,  a.al  slmw 
Stationary  iroa?e  formed  by  lipht  of  incident  beam 

prism  1 
prism  2 
prism  3 

actual  leadinfc  edge  of  prism  I  ^  , 

actual  leading  edge  of  prism  2-actual  trailing  edge  of  prism  1 
actual  leading  edge  of  prism  3— actual  trailing  edge  of  prism  2 
actual  trailing  edge  of  prism  3 

tmllina  edge  of  prism  1  relative  to  moving  Images 

leading  edge  of  prism  1  relative  to  moving  images- trailing  e<lge  of  prism  2  relative 

le^tag  Idge  iT^m  2  relative  to  moving  Images- trail  tag  edge  of  prism  3  relative  to 
moving  images 

leading  edge  of  prism  3  relative  to  moving  images 


mg  smulr 


li. 

lu 

1;, 

1 1. 

1.3. 

2.4.6. 

5,7, 

V. 

Vi 

Vr 


V’iew  3 

w  <11  nn.snis  ivif  h  priMU  laiv  O  (.m  u  Uv.  2)  m  piano  cl  ptt|)or.  ami 
loving  images  formod  by  firisms  1.  2.  and  3  Jis  seen  by  light  of  reilected  beam 

■^[alionary  image  formed  by  incident  light  beam 
moving  image  us  seen  by  light  reflected  from  prism  I 

moving  image  as  wen  by  light  reflectwi  from  prism  2 

moving  image  as  seen  by  light  reflected  from  prism  ^ 

I>OTtion  of  image  within  which  exposure  was  completed  before  prisms  reached  position 

po^J^of  image  in  process  of  exposure  when  prisms  are  in  position  shown 
[l^rtlon  of  image  within  which  exposure  has  not  yet  begun  when  prisms  are  in  posiiio 
shown 

actual  speed  and  direction  of  prism  motion 

speed  and  direction  of  image  motion  as  run  by  light  reflected  from  prisms 
speed  and  direction  of  prism  motion  relative  to  moving  Images 


Flora*  13.-inustration  of  focal-plane.sh utter  etTect  in  NACA  hiph-spee<l  motion-picture  camera. 


P,  i8  separated  from  the  leading  edge  of  prism  P.  by  a  dis¬ 
tance  equal  to  two  complete  prism  widths,  or  a  distance 
equal  to  the  height  of  one  of  the  moving  irnagw.  For  this 
reason,  when  any  point  ceases  to  be  exposed  m  one  frame  it 
immediately  begins  to  be  exposed  in  the  next  succeeding 
frame  on  the  fUm.  The  conclusions  reached  from  a  study 
of  figure  13  and  used  in  reference  6  may  i)e  summarized  as 

follows: 

1.  Each  moving  prism  produces  one  independent  moving 

2.  Each  moving  prism  acts  as  a  focal-plane-shutter  slit 

in  the  exposure  of  its  image.  ,  i  ,  •  i  .  r 

3.  The  focal-plane-shutter  slit  width  has  half  the  height  ot 
the  image  if  the  moving  images  are  contiguous. 

4.  The  motion  of  the  focal-planc-shutter  slits  relative  to 
the  moving  images  is  at  half  the  speed  and  in  the  opposite 

direction.  ^ 

Tlu‘  dirertion  of  motion  of  the  foeiil-plane-<huttcr  slits 

relative  to  the  moving  images  is  away  from  the  previously 
exposed  frames  toward  the  frames  that  arc  yet  to  be  exposed. 

6  At  any  instant  the  trailing  edge  of  the  focal-planc- 
shutter  slit  in  one  photographic  image  is  in  the  same  relative 
pusitio.i  .us  the  leading  edge  of  the  focal-planc-shutter  slit 
in  the  next  succeeding  image. 

rotating-drum  design 

The  rotatimr  drum,  as  scon  in  cross  section  in  fiirurc  1. 
consists  essentially  of  a  central  taperwl  disk  with  two  ovit- 
hanging  tapered  ledges  machined  integral  with  the  periphery 


of  the  disk.  The  outside  diameter  of  the  drum  is  19)^  inches. 
The  tapered  drum  ledges  were  the  result  of  an  attempt  to 
transmit  a  portion  of  the  centrifugal  force  of  the  drum  to  the 
disk  by  means  of  cantilever  loading.  The  purpose  of  the  idle 
ledge,  oil  the  opposite  side  ot  the  central  disk  from  the  optical 
system,  was  to  balance  the  cantilever  bending  moment  of  the 
utilized  ledge.  In  this  manner,  warping  of  the  central  disk 
is  avoided,  and  such  cantilever  load  as  the  ledges  actually 
transmit  to  the  periphery  of  the  disk  is  a  purely  radial  load. 

The  overhang  of  the  ilrum  lodges  is  so  great  that  the 
advantage  obtained  by  the  elaborate  design  is  slight.  Ihc 
attempt  to  utilize  cantilever  stress  iii  the  drum  e(  ges  ai - 
complished  an  estimated  2o-porceiil  reduction  in  the  maxi¬ 
mum  stress  as  compared  with  a  drum  of  the  same  diameter 
in  which  the  centrifugal  force  is  earned  by  the  tangentia 
stress  of  the  <lrum  alone.  The  bursting  speed  was  increase.! 
an  estimated  15  percent  by  the  utilization  of  the  cantilever 

stress.  .  . 

The  inctliod  used  for  .lesigning  the  drum  was  entirely  a 
matter  of  cut-and-try  and  is  not  believed  to  be  sufficiently 

pcrtmeni  to  present  in  ibis  paper.  . 

The  drum  was  forged  to  a  shape  providing  K  inch  of  exce^ 
metal  all  around,  then  machined.  The  matenal  was  14S-T 
aluminum  alloy,  having  a  yield  stress  of  65,000  pounds  per 
square  inch.  The  calculated  maximum  stress  at  the  oper¬ 
ating  speed  of  6500  rpm  is  approximately  7000  pounds 
per  sqiiare  inch.  The  oalculated  sp.'cd  for  yield  of  the  dnim 
matenal  is  tlier.dore  about  18.000  rpm  or  about  IHI.UOO 
frames  per  second. 
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PHOTOGRAPHIC  VIEWS  OF  CAMERA 

14  is  a  photograph  of  tho  ontiro  camora,  stand,  and 
electrical  control  box.  The  cast  armor-steel  dnim  housing, 
the  direct- current,  direct-connected  driving  motor,  and  the 
tachometer  magneto  are  bolted  to  a  structural  steel  frame¬ 
work,  which  is  laid  inside  a  larger  structural  steel  framework. 
The  larger  structural  steel  framework  is  welded  to  the  legs 
and  leg  braces,  thus  forming  a  rigid  stand.  Positioning 
bolts  are  provided  in  the  outer  structural  steel  framework, 
the  inner  ends  of  tlie  l)olts  seating  against  the  inner  struc¬ 
tural  steel  framework.  The  positioning  bolts  are  used  for 
the  finer  adjustments  of  camera  position  and  orientation. 

The  shutter  shown  in  figure  14  is  of  the  conventional  type. 
It  covers  up  the  objective  lens  so  that  that  lens  cannot  he 
seen  in  the  photograph.  This  shutter  is  timed  to  remain 
open  for  a  time  interval  equal  to  that  required  for  one 
complete  turn  of  the  rotating  drum.  Its  purpose,  of  course, 
is  to  prevent  the  multiple  exposure  of  photographs  around 
and  around  the  drum  on  the  same  film.  This  shutter  is 
released  by  a  solenoid,  not  shown,  acting  on  an  electrical 
impulse  from  the  engine  or  other  object  being  photographed. 
The  tachometer  magneto  is  connected  to  the  driving  motor 
through  5:1  step-down  gears.  The  output  of  tliis  magneto 
is  delivered  to  the  tachometer  voltmeter  on  the  electrical 
control  box;  the  voltmeter  is  graduated  in  revolutions  per 
minute.  This  tachometer  was  carefully  calibrated  and 
corrections  have  been  applied  to  the  readings  so  that  camera 


s])ccds  reported  arc  b(4icvcd  to  be  ac^curatc  to  within  one- 
Iialf  of  I  percent. 

CurnMil  lor  the  dircct-currciU  driving  motor  is  supplied 
by  tlie  motor-generator  set  bolted  to  the  under  side  of  the 
outer  structural  steel  framework.  The  alternating-current 
motor  of  this  motor-generator  set  operates  on  a  three-phase, 
60-t*ycle,  230-volt  supply.  The  camera-speed  control  and 
starting-curroiit  control  is  by  the  \Vard-Lt‘onard  control 
system,  the  field  excitation  of  the  direct-(‘urrent  generator 
being  controlled  by  the  rheostat  mounted  on  the  electrical 
control  bo.x.  This  rheostat  is  wired  as  a  dropping  resistor. 
The  excitation  of  the  direct-<*urrent  driving  motor  is  fully 
maintained  at  all  times.  When  the  camera  is  started,  the 
field  current  of  the  dire(‘t-current  generator  is  continuously 
increased  at  such  a  rate  that  its  armature  current,  and  the 
armature  current  of  the  direct-current  driving  motor,  as 
showm  by  the  ammeter  mounted  on  the  electrical  control 
box,  remains  constant  at  a  value  equal  to  200  or  300  percent 
of  the  rated  full-load  current  of  the  driving  motor.  After  the 
photograph  is  taken  the  camera  drum  is  stopped  by  regenera- 
tiv'e  braking,  the  rheostat  again  being  continuously  adjusted 
to  keep  the  armature  current  at  a  value  of  200  or  300  percent 
of  rated  full-load  cun-ent.  The  accelerating  and  decelerating 
periods  are  each  about  2}i  minutes. 

Shown  in  figure  14  is  a  variable-output  voltage  transformer, 
which  is  used  to  control  the  voltage  applied  to  the  light 
source  used  with  the  camera.  The  conduit  to  the  timing 
spark  gap  shown  in  the  photograph  supplies  the  voltage 


'Caver  p/ofe  and  tens  holder 
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--Holder  for  firzf  refocusing  lens  - 
,  cost  integral  \Hith  rover  plate 


y Bronze  holder  for 
second  refocustng 
lens 


^  on  the  fihn 

,uA  M  »^«»%«tion  of  reference  3.  In 

that  investigation  this  timing  spark  was  used  to  establish  a 
shroDological  rdatiooBhip  between  the  events  seen  on  the 
liigh-speed  photographic  film  and  the  events  seen  on  a 
pressure-time  record  of  the  combustion  and  knock  in  an  engine 

cylinder.  ,  .  ,  ^ 

Figure  15  is  a  view  inside  the  drum  housing.  The  cap¬ 
screws  that  hold  the  cover  plate  to  the  housing  have  been 
removed  and  the  cover  plate  has  been  puDed^away  from 
the  housing  on  long  bolts  inserted  temporarily  into  the 
housing.  The  film  and  the  prisms  on  the  inside  of  the  dr^ 
are  plainly  virible.  A  glass  element  of  the  second  refocu^g 
lens  may  be  seen  in  tbe  bronze  holder.  The  indicated  plug 
in  the  housing  is  removed  for  focusing  operations.  A  dental 
mirror  is  inserted  through  the  focusing  hole  and  the  mage 
on  the  film  is  examined  through  its  reflection  m  the  dental 

mirror.  .  .  ^ 

The  inner  side  of  the  cover  plate  is  seen  m  figure  Id.  it 
shows  the  holder  for  the  first  refocusing  lens,  cast  integnd 
with  the  cover  plate;  the  bronze  holder  for  the  second 
refocusing  lens;  the  timing  spark  plug;  and  a  shield  for  s^y 
light,  screwed  to  the  holder  of  the  first  refocusing  lens.  The 
bronze  holder  for  the  second  refocusing  lens  is  fastened  to  toe 
holder  for  the  first  refocusing  lens  by  two  capscrews.  'Hus 
bronze  holder  is  also  fastened  to  the  cover  plate  with  four 
capscrews  visible  in  figures  14  and  15.  The  slueld  for  stray 
light  has  a  rectangular  aperture,  not  visible  in  the  photo- 


Shield  for 
stray  light- 


Inches 


_ _ tg  spark 
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FiouM  16.-liuier  side  of  ounent  cover  ptete  sad  . 

graph,  just  large  enough  to  allow  the  rligfat^b^^to  pass 
throu^  it  from  the  objective  lens  to  the  and 

back  again  from  the  glass  prisms  to  the 
This  shield  is  machined  otk  its  outer  suifaeo  i|^g^,.  . 

■%  Figure  17  is  an 

plate  and  the  elements  tliat  are  mounted  on  «•  Tbe  ^ 

tangular  aperture  in  the  stray-light  shield  is 

photograph.  The  first  refocusing  lens  screws  i^  wtolder, 

Lit  integral  with  the  cover  plate.  The  position  of  the  fimt 

refocusing  lens  along  the  axis  BB  (see  fig. 

simply  by  screwing  the  lens  farther  into  or  out  of  the  holder. 

Adjustment  of  the  second  refocusing  lens  ^ong  the  axis 

BB  is  not  made  in  this  manner  because  of 

keeping  the  optical  axis  of  this  lens  at  an  angle  of  2  with  the 

**m^MC0Dd  refocusing  lens  was  so  constructed  that  the 
axis  of  its  outer  cylindrical  metal  surface  makes  aSS  ^^e  of 
2»  with  the  optical  axis  of  the  glass  elements  inside  the  lens. 
The  bronze  holder  for  the  secimd  refocusing  as  a 

cylindrical  bore  whose  axis  is  BB  of  figure  1  Tlie  second 
rLeusing  lens  slides  within  the  bore  of  the  bronze  holder, 
without  rotation,  in  such  a  manner  that  the  outer  cylindrical 
metal  surface  of  the  lens  is  concentric  with  the  axa  BB  but 
with  the  optical  axis  of  the  glass  elements  alwa:^  at  an  a^e 
of  2’  with  the  axis  BB.  The  lens  is  prevented  from  rotatii^ 
within  the  bronze  holder  by  a  dowel  projecti^  mward  from 
the  inner  surface  of  the  holder.  This  dowel  fits  into  a  longi- 
tudinal  slot  in  the  outer  surface  of  the  lens,  n^ot  visible  in 
figure  17  but  visible  in  figure  18,  The  lens  is  adjusted  along 
the  axis  BB  of  figure  1  by  means  of  the  focusing  b^el  shown 
in  figure  17.  This  focusing  barrel  is  screwed  onto  the  out- 
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side  of  the  second  refocusing  lens.  When  the  lens  is  as¬ 
sembled  m  the  holder,  the  focusing  barrel  is  free  to  rotate 
but  IS  constrained  axially,  on  one  side  by  a  shoidder  ma- 
(‘liined  inside  the  bronze  holder  and  on  the  other  side  by  the 
retaining  nut  shown  in  figure  17.  The  retaining  nut  is 
screwed  into  the  bronze  holder  just  far  enough  to  eliminate 
axial  play  of  the  focusing  barrel  but  not  far  enough  to  clamp 
the  barrel  and  prevent  rotation.  Rotation  of  the  barrel 
causes  the  lens  to  slide  along  the  axis  BB  of  figure  1. 

A  photograph  of  the  two  refocusing  lenses,  with  the 
focusing  barrel  mounted  on  the  second  refocusing  lens 
appears  in  figure  18.  Figure  19  presents  a  view  of  the 
rotating  drum  with  prisms  and  film  mounted. 

Slot  used  to  prevent  - 

lens  rotation - ^ 


J IGURE  1/.  Exploded  view  of  lens  assembly  and  inner  side  of  camera  cover  plate. 


Fig  CUE  18.  View  of  the  two  refocusing  lenses. 
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Figure  19.— View  of  rotating  drum  with  prisms  and  film  in  place. 
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20._8hot  of  oombuotloo  o<  an  ordinary  photoHaah  bulb 


taken  at  40.000  tramca  per  second  with  the 


NACA  hikh-speed  motion-picture  camera. 
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the  naca  high-speed 

row  A,  fra-s  A-1  - 

right  through  row  B  frame^  B  contains 

row  R,  "frames  were  lost  in  the  opening 

360  frames  in  aU;  only  12  frames  w 

and  closing  of  the  >  bulb  i*^  bv  no  means  instan- 

The  flash  of  sho.a  only  the 

taneous.  The  entire  series  of  figure  - 

..arliest  sUges  of  the  aluminum  foU  until  the 

ginning  of  the  com  us  i  Slower  motion  pic- 

entire  bulb  has  ^ecom  .  j  ^le  entire  flash  of  the 

cracker.  The  threaded  from  one  end  of  the 

trie  current  ‘trough  a  fin  by 

"  rhio^  -  ^-:;ds^f 

rieci" -rtmX  shutter  opened  at  frame 
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,_5.  The  wall  of  Z  jacket  It 

allow  flame  to  escape  fro  ■  opening  of  the  shut- 

frame  B-9.  500  m.crose<-onds  ^  f.^es  B-9 

ter.  In  the  25-microsecond  mterval^he^^^^^^ 

and  B-10,  the  flame  made  v  y 

through  the  sides  of  ^  two  points  simultane- 

wall  may  be  seen  to  A"_7- Whs  are  of  very  poor 
ously.  After  frame  rininp'  of  the  successive  frames, 

quality  because  of  the  prevented  by  mount- 

This  overlapping  couh  o^dy^^^^  the  firecracker,  between 

ing  a  framing  scieen  j  intended  use  of  the 

the  firecracker  and  the  jXn  and  knock 

c.n..m,  however  w»  T ™Sr«.  obtl.  Ih. 
i„  Ure  eytoder,  M.d  no  .«or^*n  "■ 

b*l  poseible  Pb»'<«“P^  breenrdor  .ide- 

of  die  firecracker  in  frames  B  ”  ^o  ^  en^bliil|fire- 

14  15  .5  W 


[;  FiGuaE  21.'  Shot  of  exploding 

I  2  ^ 


r.o«KC«.-SlK>to,«p.o<lin.Sree«oe.r,So».n,™obe,«uln, 


from  ends  before  dame  becomes 


,  islble.  taken  at  40.000  (nimca  per  second 


with  the  NACA  h^aspcolmotloP-pictar.  camera. 
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Visible  beg...  to  i..u.  f  aI 

cracker  100  to  125  g_2  ^r  B-3.  rtame  began 

•"“u*  ““  m^oJL  broeracker.  to  .h«l 

to  blow  out  of  the  lower  en  Crpcracker  for  450  micro- 

spewed  out  ot  both  ends  o  at  tram,  C-5, 

seconds  betoM  the  si  e  phetographs  are  meaningless 

tbetJerla^  rr^mte^st*: 

r;^a?“i:-droi:rL^"be  bme„eker  and  the 
“?'^re  20  is  a 


A  1 1  fro*,  service  On  one  occasion  a  progressive 
£“‘m“o“n  of  a.:  debnition  o,  the  pho^ph.  w»  found 

mix.  caused  by  the  ,,u«.™go^‘'dt'^^ 

refocusing  I®"®®*’  provision  was  subsequently  made  to 
caused  by  vibration.  P  nosition.  On  a  few  occa- 

lock  all  detached  from  the  camera  drum 

=  NO  harm  .  any  part  of  th®  c^era  has 

ever  resulted  from  this  mishap,  Oeanmg 

■^rodglTlPtrro'f  tUe  bmt  and  *^"0 

fel.  re,'«i,»  ^n-mtl^rreamr  ^no 

TiSt  r t  traSioh  of  a  — ■'^,'r‘mo.i.n 

The  general  opmion  among 


n  14- 


16  17 


-  3-£9-45 

.  ,  . . .„„srs  to  b.  that  the 


3275  microseconds,  or  j|'^g‘^g^utte^wa8  set.  The 

1 /500-second  interval  for  whic  ^ 

shutter  was  first  completely  "^J-^terval  of 

mained  completely  ‘^'i^pereent  of  the  l/500-8econd 

1375  microseconds,  or  about  7  The  equivalent  fuUy 

IrpT^iroM^o  shuuer  was  pnibably  quite  close  to  the 
setting  of  1/500  second. 

CONCLUDING  REMARKS 
f  ..,-iF.o  the  cameras  constructed  accord- 

ujT'r  pripL  d-^^ 


pWare.  produced  wiUi  the  »m».  “PP;-  “  *‘ed  « 

qoafity  is  good,  if  fuU  f",“  i^s  been  unit, 

ad^inata  <»  “f “  tiamd  a  con- 

enon  of  knock  in  the  spark-ignition  engine. 


CLKVEL.VSD,  Ohio,  Sovember  0,  U^o. 
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Positive  directions  of  axes  and  angles  (forces  and  moments)  are  shown  by  arrows 
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Angle  of  set  of  control  surface  (relative  to  neutral 
position),  5.  (Indicate  surface  by  proper  subscript.) 
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4.  PROPELLER  SYMBOLS 


Diameter  ■ 

Geometric  pitch 
Pitch  ratio 
Inflow  velocity 
Slipstream  velocity 

Thrust,  absolute  coefficient  Ct=~ 

Torque,  absolute  coefficient  Co= — — 

pwU' 


P 

a 

n 

i> 


Power,  absolute  coefficient  (7p=— 

pnW^  ■ 

Speed-power  coefficient  = 

Efficiency 

Revolutions  per  second,  rps 


Effective  helix  angle 


tan~’ 


1  hp=76.04  kg-m/s=550  ft-lb/sec 
1  metric  horsepower=0.9863  hp 
1  mph=0.4470  mps 
1  mps =2. 2.369  mph 


5.  NUMERICAL  RELATIONS 

1  lb=0.4536  kg 
1  kg=2.2046  lb 
1  mi=  1,609.35  m=5,280  ft 
1  m=3.2808  ft 


